Al-implanted p-type 4H-SiC layers with different implantation and annealing temperatures are formed, and the temperature dependence of the hole concentration p(T) is obtained by Hall-effect measurements. The Al acceptor level in SiC is deep (ϳ180 meV), and its first excited state level calculated by the hydrogenic model is still deep (ϳ35 meV), which is close to the acceptor level of B in Si. Therefore, in order to determine the reliable acceptor density (N A ) from p(T), the Fermi-Dirac distribution function is not appropriate for Al acceptors in SiC, and a distribution function including the influence of the excited states of the Al acceptor is required. It is demonstrated that the proposed distribution function is suitable for obtaining the actual relationship between N A and p(T) in p-type 4H-SiC.
I. INTRODUCTION
Silicon carbide ͑SiC͒ has been an attractive semiconductor because of a wide band gap, high electron mobility, a high electron-saturation-drift velocity and a high thermal conductivity. As a result, it has been regarded as a promising semiconductor for devices operating at high powers, high frequencies, and high temperatures. Since these devices are operated in a wide temperature range, the relationship between a dopant density and a temperature dependence of the majority-carrier concentration in SiC becomes important for device simulation. Here, this relationship indicates a distribution function ͑i.e., occupation probability͒ of electrons or holes for dopants. The Poisson equation plays an important role in the device simulation, and it requires an accurate dopant density and a distribution function for the dopant.
Excited states of substitutional dopants in semiconductors have been theoretically discussed using the hydrogenic model, [1] [2] [3] and the existence of the excited states of dopants ͑e.g., B, P͒ in Si or Ge has been experimentally confirmed from infrared absorption measurements at very low temperatures. 1,4 -8 However, the influence of the excited states on the majority-carrier concentration in Si or Ge has not been experimentally confirmed because the excited state levels of the dopants in Si or Ge are too close to the allowed band edge, that is, the valence band maximum (E V ) or the conduction band minimum (E C ).
Because of a dielectric constant (⑀ s ) of SiC lower than that of Si and because of a hole-effective mass (m h *) of SiC heavier than its electron-effective mass (m e *), the groundstate level (⌬E 1 ) of a substitutional acceptor in SiC becomes large according to the hydrogenic model, which is calculated to be approximately 136 meV. Here, ⌬E 1 is called the theoretical value of an acceptor level (⌬E A ), which is measured from E V . The experimental ⌬E A was reported to be ϳ180 meV from photoluminescence ͑PL͒ studies, 9 suggesting that central cell corrections 10 make the experimental ⌬E A larger than ⌬E 1 . Since the theoretical first excited state level (⌬E 2 ) of the acceptor in SiC is close to ⌬E A (ϳ45 meV) of B in Si, the excited states of Al acceptors in SiC must affect the hole concentration, indicating that a suitable distribution function including the influence of the excited states should be required to investigate the relationship between the acceptor density (N A ) and the temperature dependence of the hole concentration p(T).
Using the Fermi-Dirac distribution function f FD (⌬E A ) that does not include the influence of the excited states of acceptors, almost all of the researchers have determined ⌬E A , N A and the compensating density (N comp ) in Al-doped or Al-implanted SiC by a least-squares fit of the charge neutrality equation to p(T) experimentally obtained from Halleffect measurements. [11] [12] [13] However, the value of N A determined using f FD (⌬E A ) has been always much higher than the concentration of Al atoms (C Al ), which is determined by secondary ion mass spectroscopy. [11] [12] [13] [14] [15] This suggests that the obtained N A should not be reliable because N A , which means the density of Al atoms located at the substitutional sites in SiC, must be less than or equal to C Al . The situation in Mg-doped p-type GaN has also been the same. 16 The following two attempts were made to determine the reliable N A from Hall-effect measurements; ͑1͒ the experimental adjustment of Hall-scattering factor for holes (␥ H ) and ͑2͒ the theoretical introduction of a distribution function suitable for Al acceptors. Pensl has strongly insisted that ␥ H should be temperature dependent ͑0.5-1.2͒. 13 On the other hand, there are two types of reported distribution functions including the influence: ͑a͒ the conventional distribution function f conv (⌬E A ) appearing in books, [17] [18] [19] and ͑b͒ the distribution function f (⌬E A ) that we have proposed. 14, 15 According to f conv (⌬E A ), since the excited states behave just like a hole trap, N A determined using f conv (⌬E A ) is much a͒ Author to whom correspondence should be addressed; electronic mail: matsuura@isc.osakac.ac.jp higher than N A determined using f FD (⌬E A ). In order to obtain the reliable N A from p(T), therefore, we have proposed f (⌬E A ) and have been theoretically and experimentally testing it. 14, 15 In this article, from a viewpoint of the introduction of the distribution function, we determine N A , ⌬E A and N comp in several Al-implanted p-type 4H-SiC layers with different implantation temperatures (T implant ) and annealing temperatures (T anneal ) from p(T).
II. DISTRIBUTION FUNCTIONS FOR DEEP DOPANTS
When the influence of the excited states of acceptors on p(T) is neglected because of small ⌬E A , f FD (⌬E A ) can be made use of. The value of this distribution function at ⌬E A is described as
where ⌬E F (T) is the Fermi level measured from E V at T, k is the Boltzmann constant, and T is the absolute temperature.
On the other hand, we have proposed a distribution function including the influence, which is given by 14, 15 f ͑ ⌬E A ͒ϭ
where ⌬E r is the (rϪ1)th excited state level measured from E V , which is described as
according to the hydrogenic model, 1-3 E ex (T) is an ensemble average of the ground (rϭ1) and excited state (rу2) levels of the acceptor measured from ⌬E A , which is given by 14, 15, 21 
where g r is the (rϪ1)th excited state degeneracy factor described as 1, 17 g r ϭr 2 , ͑5͒ q is the electron charge, m 0 is the free-space electron mass, h is Planck's constant, and ⑀ 0 is the free-space permittivity.
An average acceptor level ⌬E A (T) is defined by 14, 15 
Since the Bohr radius (a*) of the ground state, which is given by
is very small in this case, the experimental ⌬E A becomes larger than the theoretical ⌬E 1 as follows:
where E CCC is the energy induced due to central cell corrections. 10 Since the wave function extension of the (r Ϫ1)th excited state is of order r 2 a*, 2 however, the excited state levels are considered not to be affected by central cell corrections. 22 Moreover, f conv (⌬E A ) was reported to be described as [17] [18] [19] 
In comparison to Eq. ͑2͒, f conv (⌬E A ) ignores E ex (T). This indicates that the ionization efficiency of acceptors in f conv (⌬E A ) should be much less than that in f (⌬E A ) or f FD (⌬E A ).
III. FREE CARRIER CONCENTRATION SPECTROSCOPY
Free carrier concentration spectroscopy ͑FCCS͒ is a graphical peak analysis method for determining the densities and energy levels of impurities and defects in a semiconductor even when several types of impurity species and defects are considered to be included. 14, 15, [23] [24] [25] [26] [27] Using an experimental p(T), the FCCS signal is defined as
͑10͒
The FCCS signal has a peak at the temperature correspond- 
where
.
͑14͒
Substituting Eq. ͑11͒ for one of the two p(T) in Eq. ͑10͒ and substituting Eq. ͑12͒ for the other p(T) in Eq. ͑10͒ yields
The function
in Eq. ͑15͒ has a peak value of N A exp(Ϫ1)/kT peak at the peak temperature
As 
IV. EXPERIMENT
In order to form p-type 4H-SiC layers, Al ions were implanted at room temperature or 1000°C to 5-m-thick n-type 4H-SiC epilayers with N atoms of 2.5ϫ10 15 cm
Ϫ3
on n-type 4H-SiC ͕0001͖ substrate with 8°off to ͗112 0͘ direction. In order to obtain a box profile of C Al , sevenfold Al ion implantation was carried out with different energies onto the SiC epilayer surface tilted to 7°to normal. Each dose of Al ions was 3.0ϫ10 14 cm Ϫ2 , and the implantation energies were 1.0, 1.6, 2.4, 3.3, 4.4, 5.6, and 7.0 meV. After the implantation, the sample was annealed at 1443 or 1575°C for 1 h in an Ar atmosphere. The Rutherford backscattering spectroscopy ͑RBS͒ spectra were measured using 2 meV He ions. In this case, the deepest measurable depth in SiC was ϳ1 m from the surface. The 1.3-m-thick layer from the surface was removed by reactive ion etching using a mixture of CF 4 and O 2 , and then the sample was cut into a 4ϫ4 mm 2 in size. Ohmic metal ͑Al/Ti͒ was deposited on four corners of the etched surface, and the sample was annealed. The p(T) in the p-type layer formed by the Al implantation was measured by the van der Pauw method in the temperature range of 100 and 420 K and in a magnetic field of 1.4 T. Figure 1 shows the profile of C Al calculated by the Monte Carlo simulation program of the stopping and range of ions in matter ͑SRIM-2000͒ after Biersack, 29 where the density of SiC used in calculation was 3.2 g/cm 3 . 30 From Fig. 1 , the box profile of C Al is confirmed, and the average C Al in the p layer is ϳ1ϫ10 19 cm Ϫ3 . Figure 2 shows the RBS spectra for the random and virgin samples, and samples implanted at room temperature or 1000°C. The yield in the sample implanted at 1000°C is substantially below that in the sample implanted at room temperature, indicating that the dynamic annealing during elevated temperature implantation prevented making SiC layers amorphous. The RBS spectra of the annealed samples were close to the virgin level, indicating that the damage due to the ion implantation was almost annealed out. Since Al atoms located at substitutional sites of SiC crystal can only act as an acceptor, N A should be lower than or close to C Al of ϳ1ϫ10 19 cm Ϫ3 . Four p-type 4H-SiC layers with different T implant and T anneal were investigated, as shown in Table I . Figure 3 depicts four temperature dependences of the hole mobility p (T). The solid circles, open circles, solid triangles, and open triangles represent p (T) for pSiC͑HH͒, pSiC͑HL͒, pSiC͑LH͒, and pSiC͑LL͒, respectively. Two p (T) for pSiC͑HH͒ and pSiC͑LH͒ are higher than those for pSiC͑HL͒ and pSiC͑LL͒, indicating that high T anneal is effective on p (T). In almost all of the measurementtemperature range, phonon scattering is considered to be dominant. Therefore, it is considered that ␥ H is independent of T.
V. RESULTS
In general, ␥ H ϭ3/8Ӎ1.18 for phonon scattering, while ␥ H ϭ315/512Ӎ1.93 for ionized impurity scattering that is dominant at low temperatures. 31 In p-type Si, ␥ H is theoretically derived to be ϳ0.73 for optical-phonon scattering, while ␥ H is ϳ1.43 for acoustic-phonon scattering in p-type Ge. 32 Judging from these reports, ␥ H ϭ1 is not a bad assumption. Figure 4 shows four p(T) obtained using ␥ H ϭ1, where the relationship between p(T) and the experimentally obtained Hall coefficient (R H ) is expressed as
The solid circles, open circles, solid triangles, and open triangles represent p(T) for pSiC͑HH͒, pSiC͑HL͒, pSiC͑LH͒,
and pSiC͑LL͒, respectively. Two p(T) for pSiC͑HH͒ and pSiC͑LH͒ are higher than those for pSiC͑HL͒ and pSiC͑LL͒. While p(T) in pSiC͑LH͒ is the highest at low temperatures, p(T) in pSiC͑HH͒ is the highest at high temperatures. Figure 5 shows four ⌬E F (T) calculated using where m h * , which is required to calculate N V (T) in Eq. ͑13͒, is assumed to be m 0 . 33 The solid circles, open circles, solid triangles, and open triangles represent ⌬E F (T) for pSiC͑HH͒, pSiC͑HL͒, pSiC͑LH͒, and pSiC͑LL͒, respectively. In the case of shallow dopants, ⌬E F (T) increases monotonously with increasing T. In n-type SiC with N donors, ⌬E F (T) increases monotonously with T in the temperature range of 80 and 420 K and ⌬E F (T) is higher than the energy level of N donors. 25, 27 In p-type SiC, however, ⌬E F (T) decreases with increasing T, suggesting that the holeoccupation probability for the Al acceptor should be different from that for shallow dopants. Since ⌬E F (T) is between 0.12 and 0.14 eV, moreover, the Fermi level is located between E V and ⌬E A of ϳ0.18 eV obtained from PL, 9 indicating that it should be impossible to ignore the influence of the excited states of the Al acceptor on p(T).
VI. DISCUSSIONS

A. Distribution function suitable for Al in SiC
The open circles in Fig. 6 , respectively. Since only one peak appears in the figure, it is considered that there is only one acceptor level in pSiC͑HH͒. Table II shows N A , ⌬E A and N comp determined by FCCS using f (⌬E A ) or f FD (⌬E A ) or f conv (⌬E A ) from this peak. 34 In f (⌬E A ) or f conv (⌬E A ), the highest excited state considered in the FCCS analyses is the fourth excited state. Since ⑀ s ϭ10, the excited state levels are estimated to be ⌬E 2 ϭ34.0 meV, ⌬E 3 ϭ15.1 meV, ⌬E 4 ϭ8.5 meV, and ⌬E 5 ϭ5.4 meV. All the ⌬E A shown in Table II are close to ⌬E A determined from PL. The value of N A determined using f (⌬E A ) is close to C Al , while two N A determined using f FD (⌬E A ) and f conv (⌬E A ) are much higher than C Al , 35 suggesting that f (⌬E A ) is more appropriate for determining N A from p(T) than the others. Table II Figure 7 shows the experimental p(T) ͑open circles͒ and three p(T) simulated by Eqs. ͑11͒ and ͑12͒ using N A , ⌬E A and N comp shown in Table II . The solid, broken, and dotted lines represent the simulated p(T) for f (⌬E A ), f FD (⌬E A ), and f conv (⌬E A ), respectively. All the simulated p(T) are in good agreement with the experimental p(T). This indicates that it is difficult to investigate the influence of the excited states of the acceptor on p(T) by the curve-fitting procedure of p(T). Figure 8 shows the experimental ⌬E F (T) ͑open circles͒ and two simulated ⌬E F (T). Solid and broken lines in the figure correspond to f (⌬E A ) and f FD (⌬E A ), respectively. The solid line is in agreement with the experimental ⌬E F (T) better than the broken line, which results in a coincidence of values between the experimental H(T,E ref ) and the H(T,E ref ) simulated using f (⌬E A ). Therefore, FCCS is considered to be an analysis method suitable for investigating the influence of the excited states of dopants more than the curve-fitting procedure of p(T). 17 cm Ϫ3 , respectively. From the figure, it is considered that the excited states of acceptors enhance the ionization efficiency of acceptors at high temperatures.
FIG. 6. Experimental H(T,E ref ) ͑open circles͒ and three H(T,E ref ) simulated with values determined by FCCS using f (⌬E
In Fig. 10 , the solid, chain, and broken lines represent ⌬E A (T), ⌬E F (T), and exp(ϪE ex (T)/kT), respectively, which are simulated using N A , ⌬E A and N comp determined using f (⌬E A ). ⌬E A (T) decreases with T, and then ⌬E A (T) above 420 K becomes lower than ⌬E F (T), indicating that the ionization efficiency of the Al acceptors increases rapidly with T. In other words, exp(ϪE ex (T)/kT) decreases rapidly with T. In Eq. ͑2͒, the function signifies that the excited states behave just like a hole trap, while the function
means that the holes bounded to the acceptors can easily be emitted to the valence band because the holes trapped at the excited states of acceptors can be thermally emitted more easily than those at the ground state. Therefore, N A required to meet the experimental p(T) becomes the reasonable value in the case of f (⌬E A ).
When the simulated H(T,E ref ) is similar to the experimental H(T,E ref ), the simulated p(T) is always fitted to the experimental p(T).
However, the opposite is not always true. This indicates that the curve-fitting procedure of p(T) is not suitable for investigating the influence of the excited states on the majority-carrier concentration. Moreover, it is found that not only the influence of the excited states but also E ex (T) should be considered in the analysis of p(T) in a semiconductor including deep dopants. In Fig. 5 , the shape of ⌬E F (T) in pSiC͑HH͒ resembles that in pSiC͑HL͒, while the shape in pSiC͑LH͒ is like that in pSiC͑LL͒. Therefore, it is possible that T implant affects the shape of ⌬E F (T). This may correlate with the dependence of ⌬E A on T implant , since ⌬E A in the samples annealed at 1575°C are lower than ⌬E A in the samples annealed at 1443°C.
B. Effects of implantation temperature and annealing temperature
VII. CONCLUSION
Al-implanted p-type 4H-SiC layers with various T implant and T anneal were fabricated, and p(T) in those layers were obtained from Hall-effect measurements. Then, N A , ⌬E A and N comp were determined from p(T) using three kinds of distribution functions for acceptors. Since the Fermi level was located between the acceptor level and E V in these samples, the proposed distribution function considering the influence of the excited states of dopants was found to be the most suitable for investigating the relationship between N A and p(T) in Al-implanted p-type 4H-SiC. Moreover, it was demonstrated that the proposed FCCS could study this influence in detail, while the curve-fitting procedure of p(T) could not. When T implant ϭ1000°C and T anneal ϭ1575°C, almost all of implanted Al in 4H-SiC atoms was found to act as an acceptor.
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